Reactive sputtering rates of titanium in argon-oxygen plasmas are studied as a function of oxygen and argon partial pressures. The sputtering rate changes by an order of magnitude at a critical oxygen mole fraction in the plasma equal to 0.0070. This transition corresponds to the onset of target oxidation. The threshold for target oxidation is independent of the total plasma pressure.
Introduction
The reactive sputtering of titanium is an important industrial process used for the preparation of dielectric films for optical and 1 ' ' . 1" . ' 1-2 e ectron1c app 1cat1ons. The reactive sputtering process is carried out in an inert gas plasma containing a partial pressure ·of a reactive gas such as oxygen or nitrogen. An important problem ·with this process is that the sputtering target can be oxidized by the reactive gas. As a consequence of target oxidation, significant transients can occur in reactive sputter rate processes and also in the stoichiometry of the deposited compound film. It is important to establish the criteria for the onset of target oxidation and its effect on, rate processes for the optimal design of indust:dal reactive sputtering processes. In this study, the factors determining the onset of target oxidation are explored for r.f. sputtering of titanium in an argon~oxygen plasma.
Step-like transitions in reactive sputtering rates of metals . [3] [4] [5] [6] have been reported in several earlier studies of reactive sputter1ng.
Stirling and Westwood found a transition in the sputtering rates of aluminum in an argon-oxygen plasma which was closely related to a chemical surface reaction on the aluminum target. 5 Heller performed similar experiments to determine the target oxidation threshold for the reactive sputtering of iron, cobalt and silver in 6 an argon-oxygen plasma.
Hiller has proposed that the target oxidation effect should occur at a critical partial pressure of the oxidizing component,
the target oxidation rate exceeding the sputtering rate for reactant partial pressures above this critical value. Although the criterion that the oxidation rate should exceed the sputter etch rate for target oxidation --is intuitively valid, it is anticipated that the reactant mole fraction rather than its partial pressure should be the controlling process variable. In addition to pressure effects, the materials properties of the target metal and its oxide, as well as the sputtering energy density, should contribute to the criterion for the onset of target oxidation.
Mechanisms of Target Oxidations
The· oxidation of metallic targets during reactive sputtering can occur by several mechanisms involving collision of oxygen species from the plasma with' the target, or by chemisorption of oxygen followed by an oxidation reaction. ·schroen examined the physics of the oxidation process during plasma anodization, and The rate of target oxidation by either of these mechanisms is is the flux of the species (1) o; , to the target and a 0 2 is the oxidation probability, provided that the process of o; collision with the target surface is rate controlling. The partial pressure of o; should be proportional to the concentration of oxygen in the plasma, since the degree of ionization is known to be small.
The rate of sputter etching of the target can be represented by R sp (2) .j' 
Experimental
The sputtering apparatus used in this study was a diode sputtering system attached to an oil diffusion-pumped vacuum system 
Results
The bias voltage-wa$ maintaine4 at 2 keV for all experiments. The effects of oxidation on the observable system parameters is illustrated in Fig. 2 , which shows the plasma intensity in the pink spectral range, the rf forward power, and the de bias voltages versus time following the ~dmission of oxygen into, or removal from, The effect of oxidation on system is shown in Fig. 3 . The transitions are significantly slower than for total system pressure, whereas the oxygen partial pressure varied linearly with total pressure.
The critical plasma oxygen mole fraction was found to be 0.0070. ·Reactively sputtered films were produced for ox}rgen mole fractions in the range from 0 to 0.15. A total sputtering pressure of 25 mtorr produced the optimal power match. This pressure corresponds to.a mean-free path of 0.45 em, and is near, but less than, the ground shield spacing of 0.5 em.
TQ.e sputtered films were characterized by reflection electron microscopy, electrical conductivity and uv-visible spectroscopy. 
This results indicates that bound oxygen is not sputtered with the same sputter yield as is titanium on the target surface.
The experimental results showed that the critical oxygen mole * fraction y 0 , was independent of the total plasma pressure, whereas 2 the critical oxygen partial pressure increased linearly with total system pressure. This result is in agreement with the theoretical 0 0 -9model presented above, which predicts that the onset of target oxidation corresponds to a constant partial oxygen flux to the target surface. The theoretical model is limited to the pressure range where P 0 <<PAr , which is satisfied by the experimental 2 conditions. The target oxidation effect has an impact on industrial, reactive sputtering processes. In the preparation of thin-film capacitors by the reactive sputtering of titanium, a layer of metallic titanium is deposited, followed by a layer of Ti0 2 . 16 When the plasma gas is changed from pure argon to an argon-oxygen mixture, an order of magnitude change in sputtering rate takes place gradually as Yo . . 
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